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a b s t r a c t
The membrane anchors of viral envelope proteins play essential roles in cell entry. Recent crystal
structures of the ectodomain of envelope protein E2 from a pestivirus suggest that E2 belongs to a novel
structural class of membrane fusion machinery. Based on geometric constraints from the E2 structures,
we generated atomic models of the E1 and E2 membrane anchors using computational approaches.
The E1 anchor contains two amphipathic perimembrane helices and one transmembrane helix; the
E2 anchor contains a short helical hairpin stabilized in the membrane by an arginine residue, similar to
ﬂaviviruses. A pair of histidine residues in the E2 ectodomain may participate in pH sensing. The
proposed atomic models point to Cys987 in E2 as the site of disulﬁde bond linkage with E1 to form E1–E2
heterodimers. The membrane anchor models provide structural constraints for the disulﬁde bonding
pattern and overall backbone conformation of the E1 ectodomain.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Viruses from the pestivirus genus in the Flaviviridae family are
economically important pathogens that infect livestock. Within this
family, pestiviruses are the closest relatives to Hepatitis C virus (HCV),
which remains an important human pathogen (Lindenbach et al.,
2013; Shepard et al., 2005). The pestivirus BVDV (bovine viral diarrhea
virus) is often used as a model system for studying HCV for which
there is currently no effective vaccine (De Francesco and Migliaccio,
2005). A mechanistic understanding at the molecular level of the
lifecycles of pesti- and hepaciviruses could open new avenues for
developing antiviral vaccines and therapeutics.
To deliver their genome into the cytoplasm, enveloped viruses
must fuse their lipid envelope with a cellular membrane. This
critical membrane fusion step is catalyzed by the viral envelope
proteins, which are anchored in the viral membrane by helical
transmembrane (TM) anchors. These membrane fusion proteins
respond to the reduced pH of endocytic compartments, or to other
environmental cues, with conformational changes that expose a
hydrophobic fusion motif allowing it to insert into the endosomal
membrane. These proteins then fold back on themselves, forcing
the cell membrane (held by the fusion motif) and the viral
membrane (held by the transmembrane anchor) against each
other, resulting in fusion of the viral and endosomal membranes
(Harrison, 2008). Viral fusion proteins fall into at least three
distinct structural classes. “Class I” fusion proteins are found in
ortho- and paramyxoviruses, retroviruses, ﬁloviruses, and corona-
viruses (Lamb and Jardetzky, 2007). The unifying structural feature
of class I fusion proteins is a core consisting of three bundled α-
helices (Kielian and Rey, 2006; Schibli and Weissenhorn, 2004).
Class II fusion proteins are found in ﬂaviviruses, alphaviruses,
phleboviruses, and rubella virus (Dessau and Modis, 2013; DuBois
et al., 2013; Lescar et al., 2001; Rey et al., 1995). Class II proteins
have a three-domain architecture, with tightly folded “fusion
loops” in the central domain serving as the fusion motif (Kielian
and Rey, 2006; Modis, 2014). The class II fusion protein in
ﬂaviviruses contains an unusual, membrane curvature-inducing
transmembrane anchor consisting of a short helical hairpin stabi-
lized in the bilayer by an arginine residue with its guanidinium
moiety “snorkeling” to the phosphate layer of the membrane's
inner leaﬂet (Zhang et al., 2013). Class III fusion proteins, found in
herpesviruses, rhabdoviruses and baculoviruses, possess structural
features from both class I proteins (a core three-helix bundle)
and from class II proteins (a central β-stranded fusion domain)
(Backovic and Jardetzky, 2011; Heldwein et al., 2006; Kadlec et al.,
2008; Roche et al., 2006, 2007). Interestingly, all viral fusion
proteins are homotrimers in their postfusion conformation
(Harrison, 2008; Kielian and Rey, 2006; Modis, 2014).
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/yviro
Virology
http://dx.doi.org/10.1016/j.virol.2014.02.015
0042-6822 & 2014 Elsevier Inc. All rights reserved.
n Corresponding authors.
E-mail addresses: jimin.wang@yale.edu (J. Wang),
yorgo.modis@yale.edu (Y. Modis).
Virology 454-455 (2014) 93–101
In contrast to other enveloped viruses, which contain a single
fusion protein, two glycoproteins, E1 and E2, are necessary and
sufﬁcient for membrane fusion in pestiviruses and hepaciviruses.
E1 and E2 are both type I TM proteins with membrane-anchored
C-terminal tails (MATs) (Ronecker et al., 2008; Wang et al., 2004).
Class II folds had been proposed for both HCV E1 and pestivirus E2
(Garry and Dash, 2003). However, two recent crystal structures of
the BVDV1 E2 ectodomain showed that BVDV E2 has a novel fold
(El Omari et al., 2013; Li et al., 2013). Similarly, a recent structure of
the HCV E2 ectodomain core fragment showed that HCV E2 has a
novel fold distinct from that of BVDV E2 (Kong et al., 2013). Neither
BVDV E2 nor HCV E2 contains an internal or terminal fusion motif
with any clear resemblance to those of other viral fusion proteins.
The reduced pH of endocytic compartments is not sufﬁcient to
initiate membrane fusion of pesti- and hepaciviruses (Krey et al.,
2005; Mathapati et al., 2010; Meertens et al., 2006; Tscherne et al.,
2006, 2008). Viruses from both families are acid-resistant prior to
endocytosis, and require a poorly understood activation step to
become fusogenic at endosomal pH (Krey et al., 2005; Meertens
et al., 2006; Tscherne et al., 2006). Pestiviruses are also unique
among enveloped viruses in that their glycoproteins are exten-
sively crosslinked by intermolecular disulﬁde bonds. The predo-
minant disulﬁde linkage is between E1 and E2. E2–E2 disulﬁde
linkages have also been observed, albeit at lower abundance (Thiel
et al., 1991; Weiland et al., 1990). Notably, the BVDV E2 ectodomain
forms disulﬁde-linked homodimers in the absence of E1 (Li et al.,
2013). E1–E2 dimers are required for virus infectivity. In contrast
E2–E2 disulﬁde linkages are associated with reduced infectivity
(Branza-Nichita et al., 2001; Durantel et al., 2001; Ronecker et al.,
2008). Moreover, three positively charged residues, two in the E1
MAT and one in the E2 MAT, are essential for cell entry of non-
infectious pseudoviruses that contain only the E1 and E2 proteins
(Ronecker et al., 2008). Similarly, in HCV the TM segment of E2 is
required for correct folding and assembly of E1–E2 heterodimers
(Patel et al., 2001). Together, these ﬁndings suggest that interac-
tions within the E1/E2 MAT assembly are essential for activation of
pestiviruses for cell entry.
In this study, we applied computational modeling tools to
elucidate the role of the BVDV1 E1 and E2 MAT domains in
activation of viral membrane fusion. Using the geometric con-
straints imposed by the known structure and disulﬁde bonding
pattern of the E2 ectodomain dimer (El Omari et al., 2013; Li et al.,
2013), and by the requirement for a disulﬁde linkage between E1
and E2, we constructed atomic models of the E1 and E2 MATs. Our
models identify two amphipathic perimembrane helices in the E1
MAT, one of which contains a potential disulﬁde linkage site, and a
helical hairpin in the E2 MAT. These models also impose geometric
constraints on the conformation of the E1 ectodomain for which
no structural information is available.
Results and discussion
Possible role in pH sensing of two juxtamembrane histidine residues
in BVDV E2
The dimeric BVDV E2 ectodomain contains an intersubunit
disulﬁde bond across the dyad between C987 of each subunit,
within the hydrophobic dimer interface enriched with aromatic
residues (El Omari et al., 2013; Li et al., 2013). The last modeled
residue in the E2 crystal structure is E1023 (in polyprotein
numbering). The distance between the Cα atoms of E1023 of the
two subunits is 22 Å (Fig. 1). The remaining seven residues present
in the crystallized construct are disordered in the crystals, includ-
ing two histidine residues (H1027 and H1028) conserved in BVDV.
These histidines could conceivably extend toward the dyad to form
an intersubunit tetrahedral 4-His metal chelator across the dyad.
The coordination of a metal (e.g. Zn2þ) at the dimer interface
provide additional stability to the E2 homodimer. Histidine pro-
tonation during endosomal acidiﬁcation is a common mechanism
for pH sensing in viral fusion proteins (de Boer et al., 2012; Dessau
and Modis, 2013; Fritz et al., 2008; Nayak et al., 2009; Qin et al.,
2009; Zheng et al., 2011). Protonation of the H1027 and H1028 side
chains would reduce their metal binding afﬁnity and could hence
contribute to low pH-dependent destabilization of the E2 dimer.
Assuming a pH-dependent conformational change is required
for fusion activity, H1027 and H1028 may contribute to the
pH-sensing mechanism of BVDV.
Fig. 1. Two orthogonal views of the dimeric BVDV E2 ectodomains with close-up
views near the dyad. Numbering refers to the polyprotein of BVDV-1 strain NADL.
N-linked glycans are shown in gray space-ﬁlling representation, His residues (H762,
H912, H846, and H871) in cyan, and Cys side chains in magenta (Sγ atoms) and
yellow (carbon atoms). The locations of proposed intermolecular disulﬁde bonds
between C987 of E2 and C668 of E1 are indicated by magenta arrows. E2 is colored
by domain: I, red; II, yellow; III blue. The most C-terminal residue in the E2 crystal
structure, E1023 (circled in black), connects to the membrane anchor and
C-terminal tail (MAT). Seven additional C-terminal residues in the crystallized E2
construct were disordered in the crystal, including two conserved His residues
(H1027 and H1028) between the membrane anchor and the ectodomain. The
distance between the Cα atoms of E1023 from the two subunits is 22 Å. The Cα–Cα
distance for C987 from the two subunits is 6.5 Å.
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Secondary structure analysis and modeling of the BVDV E2 membrane
anchor
Residues 1036–1054 in E2 are hydrophobic except for R1047 and
were predicted by several algorithms (Bernsel et al., 2009) to form a
TM segment. The presence of the sequence Gly–Gly–Arg within this
segment suggests that the anchor may have a similar topology as the
unusual membrane anchor of dengue E protein (Zhang et al., 2013). In
this topology, a short helical hairpin spans across part of the bilayer
and the guanidinium moiety of the arginine “snorkels” to the hydro-
philic layer of the inner monolayer, forming a salt bridge with the
phosphate of a phospholipid head group (Fig. 2). In this model, R1047
is essential for stabilizing the two hairpin helices (hpH1 and hpH2) in
the viral membrane. Consistent with this model, substitution of the
Fig. 2. Sequence analysis and atomic modeling of the BVDV E2 membrane anchor. (A) Two transmembrane helices (tmH1 and tmH2) were predicted with JPRED-3. The
reference sequence and numbering refer to the BVDV-1 NADL polyprotein (Xu et al., 1997). This sequence was used to query the UniRef90 database. The following pestivirus
E1 UniProt sequences returned from the search are shown: Q7T4T0, pestivirus PG-1; Q7T4S9, border disease virus strain V2536/2; Q9WPE6, classical swine fever virus strain
C-V-LZ; Q9WP29, BVDV-2 strain 28508-5; Q65793, BVDV-1 strain Q4812. (B and C) Helical wheel representations of the core portions of tmH1 (B), and tmH2 (C). The arrows
represent the direction and magnitude of the amphipathic moment of each helix. (D) Computationally generated model of the E2 membrane anchor. An interhelical
hydrogen bond (dashed line) stabilizes the otherwise hydrophobic packing between the two helices of the hairpin. (E and F) Two orthogonal views of a computational model
for dimeric E2 domain IIIc (DIIIc) followed by the membrane anchors. The positions and orientations of the membrane anchors relative to the DIIIc domains may vary
depending on the structure of the linker between DIIIc and the anchor (blue/yellow dashed lines). C987 and the last residue in the crystal structure, E1023 are circled in
magenta and green, respectively. R1047, which stabilizes the short helical hairpin by “snorkeling” to the inner surface of the viral membrane, is in ball-and-stick
representation. The E2–E2 dyad is shown in cyan.
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arginine with alanine prevents formation of E1–E2 heterodimers and
inactivates the virus (Ronecker et al., 2008). An interhelical hydrogen
bond between two serine side chains (Ser1035–Ser1060) stabilizes
the otherwise hydrophobic packing between the two helices of the
hairpin (Fig. 2D). Such interhelical hydrogen bonds are known to drive
the assembly of TM segments (Zhou et al., 2000). The atomic model of
the E2 MAT based on these constraints and on secondary structure
predictions spans residues 1031–1066 (Fig. 2). The seven residues
linking the ectodomain to the MAT (1024–1030) were not modeled.
Based on the observed E1023–E1023 Cα distance of 22 Å (Fig. 1), we
cannot rule out the possibility the E2 TM hairpins form homodimers
as the unmodeled linker may span up to 28 Å.
Fig. 3. Topology and secondary structure predictions of BVDV E1. (A) Topology of the pestivirus E1 and E2 proteins. Wedges indicate the sites at which proteases cleave
during polyprotein maturation. (B) Secondary structure prediction of BVDV E1 based on a pestivirus multiple sequence alignment. Secondary structure elements were
predicted with Jpred 3. Sequence numbering refers to the BVDV-1 NADL polyprotein. The sequence contains six cysteines, labeled I–VI and referred to in the text as such.
Conserved His residues ﬂank the ﬁrst two predicted α-helices. The following pestivirus E2 UniProt sequences were selected for the sequence alignment based on search
results using the BVDV-1 NADL sequence as the query in search against the UniRef90 database: Q9PYB2, pestivirus giraffe-1 strain H138; UPI0000167D3B, BVDV-2 strain
C413; Q533M7, pronghorn antelope pestivirus; Q68954, classical swine fever virus strain Weybridge; O90243, classical swine fever virus strain Giza7; Q76B25, bovine viral
diarrhea virus strain 190cp; P89049, pestivirus type 3 (border disease virus 1) strain RB.
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Fig. 4. Helical wheel modeling of the E1 membrane anchor, and atomic modeling of the E1–E2 oligomeric assembly. (A–C) Helical wheel representations of the core portions of the
three membrane-anchored helices in E1: perimembrane helices 1 and 2 (pmH1 and pmH2), and the transmembrane helix (tmH). Interaction of the left side of pmH1 with the right
side of pmH2 would position Cys668 (“C”) near the dyad and avoid burying the charged aspartate side chain (“D”) at the interface between the two helices. The arrows represent the
direction and magnitude of the amphipathic moment of each helix. (D–E) Orthogonal views of a computational model of two E1 membrane anchors placed to dock optimally on the
model of E2 shown in Fig. 2. The dyad is shown in cyan. (F) Computational model of an E1–E2 heterotetramer consistent with the crystallographic E2 homodimer and with the
formation of a disulﬁde bond between E1 C668 and E2 C987. The two E2 fragments are shown in blue (domain IIIc, DIIIc) and yellow (TM helices tmH1, tmH2). The two E1 membrane
anchors are in magenta and orange, respectively. The relative position and orientation of DIIIc relative to the membrane anchor assembly may vary depending on the structure of the
linker between DIIIc and tmH1 (yellow/blue dashed lines). (G) Close-up of the interface between the E1 tmH and E2 tmH1 helices. A hydrogen bond between E2 Y1056 and E1 T688
stabilizes the otherwise hydrophobic interface. (H-I) Two alternative views of panel F. In the modeled prefusion conformation, the Cα atoms of E1 C668 (cysteine VI, circled in magenta)
and E2 C987 (circled in blue) are 6.9 Å apart, within the range for disulﬁde bond formation.
J. Wang et al. / Virology 454-455 (2014) 93–101 97
Secondary structure analysis and modeling of the BVDV E1 membrane
anchor
Secondary structure predictions based on multiple sequence
alignments (Cole et al., 2008) suggest that the E1 membrane
anchor contains two perimembrane helices (pmH) and one trans-
membrane helix (tmH): pmH1, A635 to N658; pmH2, T661 to
R674; and tmH, Q676 to I687 (Fig. 3). In a helical wheel repre-
sentation (Mount, 2004), pmH1 and pmH2 are strongly amphi-
pathic. A KxxxRxxRxxxR motif in pmH1 and a CxxKxxR motif
in pmH2 create a positively charged face on each helix in the
otherwise hydrophobic outer surfaces (Fig. 4). These positively
charged residues are proposed to interact with negatively charged
phospholipid head groups, whereas the remaining hydrophobic
residues are presumably buried inside the bilayer. The pmH1 and
pmH2 helices of E1 interact via their LTVL and TVLV sequences,
respectively (Fig. 4). Notably, the dengue virus M and E envelope
proteins each contain a pair of amphipathic perimembrane helices
(Zhang et al., 2013). The third predicted helix in E1 has no charged
residues and is predicted to be a transmembrane helix (tmH). Our
atomic model of the E1 MAT based on these constraints and on
secondary structure predictions spans residues 636–692 (Fig. 4).
Modeling of a heterotetrameric BVDV E1–E2 membrane anchor
assembly
Having obtained models of the membrane anchors of E1 and E2
we sought to construct a model of the E1–E2 assembly, integrating
all available biochemical and structural constraints. The crystal
structures of BVDV E2 reveal an extensive network of non-covalent
interactions at the E2 homodimer interface. The extent of this
network indicates that the E2 homodimers represent a biologically
relevant species and are unlikely to dissociate (El Omari et al.,
2013; Li et al., 2013). Moreover, E2 ectodomain homodimers are
remarkably stable in solution even in the presence of reducing
agents (Li et al., 2013). Hence any structural model of the E1–E2
assembly would need to be consistent with a stable E2–E2
homodimer interface.
The requirement for disulﬁde-linked E1–E2 heterodimers for
infectivity (Ronecker et al., 2008) imposes additional constraints.
All of the cysteines in E2 form intramolecular disulﬁde bonds,
except for C987, which forms a disulﬁde bond across the E2 dimer
interface in the crystal structures and in solution in the absence of
E1 (El Omari et al., 2013; Li et al., 2013). However, E1–E2 disulﬁde
crosslinks are the dominant crosslinks in pestivirus particles
(Rumenapf et al., 1993; Thiel et al., 1991; Weiland et al., 1990).
Thus, the E2–E2 crosslink through Cys987 observed in crystal
structures is either an artifact due to E1 being absent, or it may
form after the fusogenic conformational change in E1/E2 has
proceeded. Alternatively, E2–E2 crosslinks may be present in an
immature form of the virus. Either way, since E2–E2 crosslinks are
a minor species in fusogenic virions, E2 C987 is by elimination the
best candidate for forming the observed and necessary disulﬁde
link with E1. It is less clear which of the E1 cysteines is (or are)
involved in E1–E2 crosslinking. Any one of the six cysteines in E1
from classical swine fever virus (CSFV, formerly hog cholera virus)
can be mutated without disrupting E1–E2 heterodimers in SDS-
PAGE under non-reducing conditions (Fernandez-Sainz et al.,
2011). Conversely, mutation of either one of the charged residues
in the CxxKxxR motif of the E1 MAT (in the pmH2 helix) leads to
the loss of E1–E2 dimers in non-reducing SDS-PAGE despite the
conservation of all cysteine residues (Ronecker et al., 2008).
To reconcile the available biochemical and structural data,
we sought a structural model of the E1–E2 assembly that
was consistent with both a stable E2–E2 homodimer interface
and E1–E2 disulﬁde crosslinks. Based on the structure of E2, for
simultaneous access to two C987 residues in an E2 dimer two E1
molecules must dimerize through pmH2–pmH2 interactions to
form a heterotetramer consisting of two molecules of E1 and two
molecules of E2 (Fig. 4D and E). We were able to construct a
heterotetrameric model in this conﬁguration, in which E2 C987 is
near E1 C668. In this model, the Cα atoms of E1 C668 and E2 C987
are 6.9 Å apart, which is within the range for disulﬁde bond
formation (Fig. 4F–I). The E1–E1 and E1–E2 interfaces have good
shape complementarity. An interhelical hydrogen bond between
E2 Y1056 and E1 T688 stabilizes the otherwise hydrophobic
interface between the E1 tmH and E2 tmH1 helices (Fig. 4G). This
model is consistent with the previously established importance of
interhelical hydrogen bonding in driving strong and speciﬁc
interactions in membrane proteins (Zhou et al., 2000). The C668
residues in the two E1 subunits are far enough from each other in
this model (13 Å Cα–Cα distance) that they would not form an
intermolecular E1–E1 disulﬁde bond, which has not been observed
experimentally. Additionally, the side chain of F665, by forming a
π-stacking interaction with its dyad-related mate in our model,
could prevent the two C668 residues from forming a disulﬁde
bond (Fig. 4). The position of E1 C668 in the CxxKxxR motif of
pmH2, near the membrane anchor of E1, makes it a good
candidate for disulﬁde bonding with E2 C987. The requirement
of K671 and R674 for E1–E2 heterodimer formation suggests that
these charged residues promote disulﬁde bonding between C668
and E2 C987, possibly by keeping E1 helix pmH2 positioned on the
membrane surface rather than inside the membrane. However,
since no single cysteine in E1 is indispensable, residues other than
E1 C688 may participate in E1–E2 heterodimer formation
(Fernandez-Sainz et al., 2011; Ronecker et al., 2008).
The presence of six positively charged E1 residues on the outer
membrane leaﬂet and R1047 from E2 on the inner leaﬂet in our
model could substantially reduce the thickness of the viral
membrane, and increase its fusogenicity. A reduction of membrane
thickness is consistent with the thickness of the hydrophobic
portion of the E1–E2 membrane anchor assembly, which at
approximately 26 Å is on the low end of the documented range
for lipid bilayers (Mitra et al., 2004). Similar structural features in
dengue virus were proposed to be responsible for distortions of
the viral membrane (Zhang et al., 2013). Interestingly, the dis-
ordered C-terminus of the E2 ectodomain contains ﬁve conserved
negatively charged residues (Fig. 2). Electrostatic interactions
between these residues and the positively charged residues in
the E1 MAT may promote association of E1 and E2 so that a
disulﬁde bond can form between E2 C987 and E1 C668.
Constraints on the structure and disulﬁde bonding pattern of the E1
ectodomain
Despite the absence of structural information for the E1
ectodomain, recent studies identify speciﬁc epitopes in E1 and
E2 as likely to participate in E1–E2 interactions. Antibody neu-
tralization escape mutations in the conserved TAV epitope of CSFV
E2 (residues 829–831 in domain II) were accompanied by two
compensatory mutations in E1, Y575H and D583E, along with
mutations in ERNS, suggesting that the TAV epitope of E2 interacts
with residues 575 and 583 of E1 (Leifer et al., 2012). Similarly,
CSFV strains with mutations in the E2 TAV epitope can replicate
more efﬁciently if compensatory mutations occur in E1 (E634D) or
ERNS (Kortekaas et al., 2010). More generally, the antigenic epitopes
that have been mapped onto E2 from BVDV or CSFV are all located
in the ﬁrst two Ig-like domains of E2, domains I and II (Li et al.,
2013). The lack of conﬁrmed antigenic epitopes in domain III of E2
suggests that this domain may be shielded from the solvent by E1
on the viral surface. This would imply that the membrane distal
face of E2 domain III forms contacts with E1. This would be
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consistent with the location of the TAV epitope on the membrane
distal face of E2.
E1 contains six conserved cysteine residues, subsequently
referred to as I–VI (Fig. 3). As is typical for viral glycoproteins,
the cysteines are likely to form disulﬁde bonds. Our model of two
E1 molecules docked onto the dimeric E2 crystal structure (Fig. 4),
in combination with secondary structure prediction of the E1
ectodomain, imposes certain speciﬁc geometric constraints on the
internal disulﬁde bonding pattern within E1. Secondary structure
predictions place cysteines I and II on opposite ends of a β-strand
(Fig. 3), suggesting that these residues are too far away from each
other to form a disulﬁde bond. A IV–V disulﬁde bond is possible
because cysteines IV and V are located on the opposite ends of two
consecutive predicted β-strands (Fig. 3), which would place them
in proximity to each other if the two strands contribute to the
same β-sheet, or to two stacked sheets in the same domain. A II–III
disulﬁde bond is also possible because the cysteines II and III are
separated by only three residues, Thr–Pro–Ala, in which the
proline may promote a non-linear or hairpin-like loop conforma-
tion. In summary, our analysis suggests that a I–II linkage is
unlikely and that a possible disulﬁde bonding pattern in E1 is II–
III and IV–V. This arrangement would leave cysteines I and IV
unpaired and available for covalent or non-covalent interactions
with E2, if they are not buried within E1. However, to deﬁnitively
establish the disulﬁde bonding pattern in E1 it will be necessary to
obtain structural information for the E1 ectodomain.
Geometric and sequence constraints on a putative fusion motif in E1
Since E2 does not contain any clearly recognizable fusion motifs
to insert into the host cell membrane, E1 is thought to bear the
fusion motif in pestiviruses (El Omari et al., 2013; Li et al., 2013). If
so, E1 would have to at least transiently extend to span the
distance between the cellular and viral membranes prior to
membrane fusion, approximately 20 nm (Kim et al., 2011). With
only 177 amino acids in its ectodomain, or 143 amino acids
excluding the predicted perimembrane helices, E1 would have to
adopt a highly elongated fold in order to span 20 nm. Since coiled-
coils efﬁciently form rigid and highly elongated structures, the two
predicted α-helices in the central region of the E1 ectodomain
(Fig. 3) may form a helical coiled-coil.
Fusion motifs do not have any strict consensus sequences but
their membrane anchoring activity stems from the intrinsic
physical properties of aromatic side chains, usually tryptophan
and phenylalanine, and hydrophobic side chains, most commonly
leucine and isoleucine (Backovic and Jardetzky, 2009; Kielian and
Rey, 2006; Skehel and Wiley, 2000). A candidate conserved fusion
loop sequence with these properties is in residues 573–579, (I/L/
M)YL(I/V/A)LH(F/Y) (Fig. 3). Alternatively, the GYIWY sequence
near the N-terminus (residues 509–513) could serve as the fusion
loop. Since E1 is unlikely to have a large hydrophobic core due to
its elongated shape, the fusion motif would have to be sequestered
at the E1–E2 interface or near the viral membrane in the
prefusion state.
Conclusions
Using the geometric constraints imposed by the crystal struc-
tures of BVDV E2, along with secondary structure predictions and
sequence alignments, we have generated theoretical models for
the membrane anchors of BVDV E1 and E2. The model for the E2
anchor contains a truncated helical hairpin stabilized by an
arginine residue, similar to the anchor reported recently for
dengue E protein (Zhang et al., 2013). Based on this model we
propose that that histidines 1027 and 1028 may participate in pH
sensing by E2, possibly by forming a four-histidine metal-chelating
cluster across the E2 dimer interface. The model for the E1 anchor
contains two amphipathic perimembrane helices followed by a
transmembrane helix. Our heterotetrameric model of the E1–E2
assembly suggests that Cys668 in E1 forms a disulﬁde bond with
Cys987 in E2, thereby stabilizing the E1–E2 interaction that is
required for virus infectivity. We extended our sequence and
structural analysis to include the E1 ectodomain, for which we
propose a partial disulﬁde bonding pattern and a possible α-
helical coiled-coil conﬁguration.
Our modeling studies allow us to propose the following
tentative molecular mechanism for how E1–E2 heterodimers
initiate membrane fusion: (i) the reduced endosomal pH proto-
nates the side chains in the histidine cluster at the E2 dimer
interface, destabilizing the cluster, exposing and possibly destabi-
lizing the E2 homodimer interface, (ii) a second, previously
postulated but poorly understood activation step (Krey et al.,
2005) triggers a conformational rearrangement that exposes a
fusion motif in E1, possibly in residues 509–513 or in residues 573–
579, (iii) E1 extends to reach the target cellular membrane, with
the fusion motif poised for membrane insertion. Future experi-
ments to test or conﬁrm this proposed mechanism of pestivirus
fusion activation may be guided by the structural constraints and
atomic models developed in this study.
Materials and methods
Multiple sequence alignments and helical wheel projections
To assess the surface electrostatic potential of the predicted
membrane-proximal and TM helices of E1 and E2 and their
possible modes of assembly, we generated multiple sequence
alignments of pestiviral E1 and E2 sequences. To identify pesti-
virus sequences to use in the alignments, we used the BVDV-1
strain NADL (Xu et al., 1997) protein sequence as the query to
search against the UniRef90 database (Mount, 2004). Secondary
structure predictions were generated using Jpred 3 (Cole et al.,
2008). Helical wheel projections were carried out using a web
service interface created by Everett and colleagues (Kryshtafovych
et al., 2011).
Atomic modeling
Atomic models of the E1 and E2 membrane anchors were
generated manually in the model building program Coot (Emsley
and Cowtan, 2004) starting with α-helical template coordinates
with idealized geometry. All connecting loop structures were built
manually with Coot and then subjected to geometry idealization
with Coot. Although E1 pmH1 and pmH2 were modeled as helical
hairpins, they could alternatively form more extended non-hairpin
structures, particularly after the opening of a fusion pore in the
postfusion conformation. To assist in the structural analysis of the
E1 ectodomain, we used Coot to generate complete atomic models
of the E1 that contained the secondary elements predicted by
Jpred 3 (Cole et al., 2008; Mount, 2004). Multiple polyalanine
models with alternative backbone conﬁgurations were generated.
The geometry of each E1 ectodomain model was idealized with
Coot. When compared with the experimentally determined struc-
ture of the E2 ectodomain (El Omari et al., 2013; Li et al., 2013), the
E1 ectodomain models allowed us to generate geometric con-
straints on the backbone conﬁguration and disulﬁde bonding
pattern of E1. The atomic model of the E1 MAT spans residues
636–692; the atomic model of the E2 MAT based on these
constraints and on secondary structure predictions spans residues
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1031–1066. The atomic coordinates of the heterotetrameric E1–E2
membrane anchor assembly as modeled in this study are available
in the Supplementary online information. Figures were prepared
using the graphics display program Ribbons (Carson, 1997).
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